Transcription factors (TFs), which are central to the regulation of gene expression, are usually members of multigene families. In plants, they are involved in diverse processes such as developmental control and elicitation of defense and stress responses. To investigate if differences exist in the expansion patterns of TF gene families between plants and other eukaryotes, we first used Arabidopsis (Arabidopsis thaliana) TFs to identify TF DNA-binding domains. These DNA-binding domains were then used to identify related sequences in 25 other eukaryotic genomes. Interestingly, among 19 families that are shared between animals and plants, more than 14 are larger in plants than in animals. After examining the lineage-specific expansion of TF families in two plants, eight animals, and two fungi, we found that TF families shared among these organisms have undergone much more dramatic expansion in plants than in other eukaryotes. Moreover, this elevated expansion rate of plant TF is not simply due to higher duplication rates of plant genomes but also to a higher degree of expansion compared to other plant genes. Further, in many Arabidopsis-rice (Oryza sativa) TF orthologous groups, the degree of lineage-specific expansion in Arabidopsis is correlated with that in rice. This pattern of parallel expansion is much more pronounced than the wholegenome trend in rice and Arabidopsis. The high rate of expansion among plant TF genes and their propensity for parallel expansion suggest frequent adaptive responses to selection pressure common among higher plants.
Regulation of gene expression is central to a myriad of biological processes at the molecular level and is to a significant extent controlled by transcription factors (TFs). Most TFs are modular proteins consisting of a DNA-binding domain that interacts with cis-regulatory elements of its target genes and a protein-protein interaction domain that facilitates oligomerization between TFs or other regulators (Wray et al., 2003) . Sequence divergence in the DNA-binding domains of related TFs may lead to differences in affinities to a set of cis-regulatory elements. Together with the propensity for TFs to homodimerize and/or heterodimerize, the large TF repertoire in a eukaryote genome provides a wide range of combinatorial relationships for transcriptional regulation. TFs usually form gene families that vary considerably in size among organisms (Riechmann et al., 2000; Wray et al., 2003) . The reasons behind such differences are not known, although it is suggested that organismal complexity correlates with an increase in the absolute number and the proportion of TFs in a proteome (Levine and Tjian, 2003) .
In Arabidopsis (Arabidopsis thaliana), at least 1,500 genes are TFs, and 45% of these TFs belong to families common to Caenorhabditis elegans, Drosophila melanogaster, and Saccharomyces cerevisiae (Riechmann et al., 2000) . Some of these TF families are much larger in Arabidopsis, suggesting differential expansion. For example, the Myb family has 190 members in Arabidopsis but only six in fly, three in worm, and 10 in yeast. These differences lead to the suggestion that they may be involved in plant-specific regulatory functions (Riechmann et al., 2000) . Interestingly, genes involved in signal transduction and transcription have been preferentially retained after the most recent wholegenome duplication event in the Arabidopsis lineage (Blanc and Wolfe, 2004; Seoighe and Gehring, 2004) . These findings suggest important roles of TF duplicates in plant evolution. However, it remains to be determined if the TF family expansion in plants is in general more dramatic than that in other organisms. In addition, it is not known if the preferential retention of TFs has occurred at a longer time scale, such as after the divergence between rice (Oryza sativa) and Arabidopsis but before the last whole-genome duplication in Arabidopsis.
In this study, we evaluated whether plant TFs have a higher rate of lineage-specific expansion than that in other eukaryotes. We first identified TF families among 26 eukaryotes based on known Arabidopsis TFs. We then selected five genome pairs, including plants, animals, and fungi, that diverged approximately 100 to 250 million years ago (MYA) to evaluate the degrees of lineage-specific expansions of TF families. To see if TFs have expanded more than other plant genes, we compared the GeneOntology (GO; Harris et al., 2004) annotation of Arabidopsis genes to see if GO categories enriched in TFs have significantly higher than average number of duplicates per category. Finally, we examined the TF expansion at the orthologous group (OG) level to determine if e r, Pearson's correlation coefficient of Arabidopsis versus rice gains for each family. OGs with no Arabidopsis or rice gain were excluded. The P values indicate the significance level of its associated correlation. n.d., Not determined because the sample size is too small. n.a., Not available because this family has no gain in any OG in Arabidopsis or rice.
Pronounced Expansion of Plant Transcription Factor Families
Plant Physiol. Vol. 139, 2005 lineage-specific expansions in the Arabidopsis and rice lineages are correlated with each other.
RESULTS

TF Family Sizes and Organismal Complexity
For the identification of TFs in 26 eukaryote genomes, we first consolidated the Arabidopsis TF family annotations from three databases (see ''Materials and Methods''). The DNA-binding domain sequences of these Arabidopsis TFs ( Fig. 1 ; Table I ) were then used to recover related protein sequences in other genomes. Figure 1 shows the number of genes in each TF family among the eukaryote genomes analyzed. There are more plant TF families because some of the plant TFs may contain domains that are (1) too divergent from homologous sequences in other genomes or (2) plant specific. Due to this methodological bias, only relevant shared families are analyzed in all subsequent cross-species comparisons.
The numbers of members in the TF families shared among plants, animals, and fungi roughly correlate with organismal complexity. The TF families in animals and land plants are larger than those in fungi. The multicellular land plants have a much larger TF repertoire compared to the unicellular alga Chlamydomonas reinhardtii. In addition, human, chicken, and Takifugu rubripes in general have larger TF families than those of other animals with simpler body plans. However, the TF families in multicellular fungi are only slightly larger than those in unicellular fungi, which may be explained by the limited levels of tissue/organ differentiation in some of these multicellular fungi. Among the 19 families shared between plants and animals, most families are larger in plants than in animals. Between Arabidopsis and human, 14 shared families are larger in Arabidopsis, only four are larger in human, and one family is of equal size. This finding suggests that the TF duplication and/or retention rate is higher in plants than in animals.
Higher Plant TFs Have Undergone Dramatic Lineage-Specific Expansions
Comparisons of family sizes between genomes are rather rudimentary measures of expansion because family sizes tell us little about the timing and degree of expansion. To determine if plant TFs have undergone more dramatic expansions than their animal counterparts, we examined TFs in five species pairs (Arabidopsis-rice, human-chicken, fly-mosquito, C. elegans-Caenorhabditis briggsae, and MagnaportheNeurospora) diverged approximately 100 to 250 MYA and evaluated the lineage-specific gains in OGs. Expansion has occurred if any lineage-specific clade in an OG has more than one gene. For example, the GATA family in Arabidopsis and rice contains 10 OGs ( Fig.  2A ; Table I ), and nine of them have expansion in at least one plant lineage and seven in both.
The degree of expansion was evaluated in 14 TF families shared among plants, animals, and fungi. We separated the OGs into four different classes: no expansion (1:1), expansion in one lineage only (x:1 or 1:y; x,y . 1), or parallel expansion in two lineages (x:y; Fig. 2B ). In the animal and fungal genome pairs examined, less than 10% of the OGs have undergone lineage-specific expansion. In contrast, 68% of the OGs between Arabidopsis and rice have expanded in at least one lineage. The OGs for other species pairs are mostly 1:1. The Arabidopsis-rice divergence was approximately 150 MYA (Chaw et al., 2004) . The C. briggsae/C. elegans divergence is estimated to have occurred 80 to 110 MYA (Stein et al., 2003) . The chicken and human lineages diverged approximately 310 MYA (Reisz and Modesto, 1996) . The D. melanogaster and Anopheles gambiae lineages diverged approximately 247 to 283 MYA (Gaunt and Miles, 2002) . The Magnaporthe grisea-Neurospora crassa divergence is reported to have occurred approximately 200 MYA (Hamer et al., 2001) . Two points can be made from our findings and the divergence dates of the eukaryotes analyzed. First, except in plants, TF expansion is relatively rare regardless of divergence time. Second, the plant TF family expansion is not simply a consequence of longer divergence time. A large number of lineagespecific expansions also occur, for example, in D. melanogaster and A. gambiae (Zdobnov et al., 2002) , in nematodes (Stein et al., 2003) , and in mammals (S.-H. Shiu and W.-H. Li, unpublished data). Our findings indicate TF families have expanded at a much higher rate in plants than in other organisms.
Higher Duplicability of TFs than Other Genes in Plants
Since whole-genome duplications occur at a higher frequency in plants than in animals and fungi, the TF family expansion may simply be the consequence of a higher gene duplication rate in plants. Alternatively, the expansion of TF families may be due to elevated rates of retention, i.e. higher duplicability. To determine if TFs have higher duplicability than other genes, we examined the degrees of expansion of GO categories of Arabidopsis. We classified 7,298 OGs between Arabidopsis and rice into two classes: unexpanded (1:1) and expanded (x:1 and x:y) in the Arabidopsis lineage after the Arabidopsis-rice split. For each GO category, we compared the numbers of genes in expanded and unexpanded OGs against the average numbers of the whole dataset. The four functional categories related to transcriptional regulation all have higher proportions of genes derived from lineagespecific expansion than most other categories (Fig. 3, A  and B) . Nearly all the genes in these four categories are TF family members.
We then determined the expected numbers of genes in expanded and unexpanded OGs in these categories based on the whole data set (see ''Materials and Methods''). These two numbers are compared to the observed numbers with chi-squared tests (Table II) . In the four TF-related categories, the proportions of genes in expanded OGs are significantly higher than the average of all annotated genes. These findings indicate that TF families in general have higher duplicability than genes involved in most other functions in Arabidopsis. Interestingly, three of the same four categories in human and mouse have significantly lower than average duplicability. The only TF-related category with higher than average duplicability in these two mammals is DNA-dependent regulation of transcription, contributed only by the zinc-finger C 2 H 2 family that has undergone lineage-specific expansions in both human and mouse. The fact that most TF-related categories have low duplicability in human and mouse is consistent with our conclusion that most TF families have expanded at much higher rates in plants than in other organisms. In addition, plant TFs are retained at higher rates compared to most other plant genes.
Pronounced Parallel Expansions of TF Families in Arabidopsis and Rice
We showed above that 69% of OGs in plant TF families have undergone expansion (Fig. 2B ). Among these expanded TF OGs, 98 and 115 expanded in only the Arabidopsis and in only the rice lineage, respectively. The rest of the TF OGs have expanded in a parallel fashion. While lineage-specifically expanded TFs may be responsible for lineage-specific adaptation, the parallel expansion suggests common selection pressure contributing to the retention of certain TFs in both lineages. Of all the OGs between Arabidopsis and rice, 39% (3,672 out of 9,345) show various degrees of parallel expansion. However, the expansion of OGs in general does not occur in parallel as indicated by the rather poor linear fit (r 2 5 0.07; Fig. 4A ). In contrast, the OGs of TF families have a much better linear fit (r 2 5 0.46; Fig. 4B ). Although the degrees of parallel expansion vary greatly among TF families (Table I) , our findings indicate that, if a particular ancestral TF is duplicated and retained in the Arabidopsis lineage, the corresponding gene in the rice lineage will tend to be retained. In addition, this parallel expansion is more prominent in TFs than in most other plant genes.
Whole-genome duplications have occurred in both lineages after the Arabidopsis-rice split (Blanc et al., 2000; Yu et al., 2002) . In addition, we showed in the previous section that TFs have a higher retention rate compared to other plant genes. Therefore, the higher degree of parallel expansion among TF OGs may simply be the consequence of independent gains of large numbers of TFs. To determine if this is the case, we randomly shuffled the number of gains in the Arabidopsis and the rice lineages independently, and the correlation coefficient of the shuffled dataset was calculated. This random shuffling was repeated 10,000 times, and none of the r 2 values in the randomly shuffled dataset was larger than 0.037, substantially lower than the r 2 value of Arabidopsis-rice TF gains (Fig. 4B) . This finding indicates that the parallel Figure 3 . The overrepresentation of transcription regulation categories. For each GO category, the total percentage of genes that are in expanded OGs is determined. The total percentages of value distributions are shown for molecular function (A) and biological process categories (B). Note that each transcription regulation-related category has higher than average percentage of genes in expanded OGs.
retention of TFs in plants is not simply due to independent gain but likely a property of the ancestral TF.
DISCUSSION
It is commonly believed that changes in cis-regulatory systems more often underlie the evolution of morphological diversity than do changes in gene number or protein function (Doebley and Lukens, 1998; Carroll, 2000) . While this may be true, plant TF families tend to expand at much higher rates compared to their animal counterparts. It is known that polyploidization occurs frequently in plants (for review, see Wendel, 2000) . At first look, our finding may simply be the consequence of a higher gene duplication rate in plants. However, the sizes of the TF families are in general similar between human and T. rubripes. Since one round of whole-genome duplication likely occurred in the teleost lineage (Taylor et al., 2001) , the similarity in TF family sizes between human and T. rubripes indicates that most of the duplicated TFs are not retained. In addition, similar to the findings of prior studies (Blanc and Wolfe, 2004; Seoighe and Gehring, 2004) , we showed that the functional categories containing predominantly TFs have significantly higher rates of expansion compared to most other categories in Arabidopsis. Judging from the gene family and OG sizes of rice TFs, this is most likely to be true in rice as well. Our findings indicate TF duplication likely contributes to regulatory novelties in development and/ or responses to external stimuli much more significantly in plants than that in animals. However, other nonadaptive scenarios may be involved as well, as discussed below.
We showed that TF OGs have a significantly higher degree of parallel expansion. It should be noted that genes with higher duplicability do not necessarily expand in parallel. For example, the receptor-like kinase family has high duplicability, but most of the OGs in this gene family have not expanded in parallel (Shiu et al., 2004) . There are several possible explanations. First, parallel expansion may indicate the presence of common selection pressure (Hughes and Friedman, 2003) . One possible common selection pressure faced by plants is environmental stresses, biotic or abiotic. It is conceivable that elaborate systems were selected for perceiving environmental stresses and for adjusting plant growth and development accordingly. The expansion of the disease resistance gene family is consistent with the first role, whereas the latter may be fulfilled by TF duplicates. Second, the parallel expansion For each category, the observed numbers of genes were compared to the expected in a 2 3 2 contingency table with chi-squared test. The significance (P value) of the chi-squared statistics is shown.
in TF may be due to the requirement for dosage balance (Papp et al., 2003; Yang et al., 2003) . The dosage balance hypothesis asserts that duplications of all genes involved in any protein complex, as one would expect from whole-genome duplication, would be more tolerable than single gene duplication. Wholegenome duplications have occurred in both the Arabidopsis and rice lineages (Blanc et al., 2000; Vision et al., 2000; Yu et al., 2002) . The higher duplicability of plant TFs may be due to stronger deleterious effects of TF losses than losses of most other plant genes after whole-genome duplication. If this is true, TFs are more likely to form complexes than most other plant genes. Finally, parallel expansion may be due to the ease of subfunctionalization among TF duplicates. Subfunctionalization is the process by which duplicates lose different subfunctions of their common ancestor, resulting in the indispensability of both copies (Force et al., 1999) . If ease of subfunctionalization explains the higher duplicability of TFs, TFs will have on average more functional modules than other plant genes.
These three explanations are not necessarily mutually exclusive, as dosage effect and subfunctionalization may result in the initial retention of duplicates followed by functional divergence. To elucidate their relative importance, it will be of great interest to examine the dosage effect of TF duplicates and the expression patterns and functional differences of duplicates with outgroup species that do not have duplication. Since TF families have various degrees of expansion (Table I) , between-family comparison should provide insights into to their differential expansions. Regardless of the mechanisms of retention, we found the degree of TF family expansion in plants is substantially higher than that in other eukaryotes or other plant genes. Given the importance of plant TFs in plant development and responses to environmental factors, we argue that the larger repertoire of recently acquired TF duplicates in plants plays a more significant role in developmental or other regulatory novelties than their animal counterparts. Several gene families and functional categories have similar or even greater rates of expansion compared to TF families, e.g. the kinase family, the proteolysis category, and the defense response category. The relative importance of different mechanisms in retaining genes with diverse functions remains an intriguing question.
MATERIALS AND METHODS
Identification of TFs
A list of Arabidopsis (Arabidopsis thaliana) TFs was compiled based on two resources: the Arabidopsis Gene Regulatory Information Server (AGRIS; http://arabidopsis.med.ohio-state.edu/AtTFDB/index.jsp; Davuluri et al., 2003) and the Arabidopsis Transcription Regulators homepage from the Jen Sheen laboratory (http://genetics.mgh.harvard.edu/sheenweb/AraTRs.html). The protein domains in these putative TFs were identified by searching against the SMART (Schultz et al., 2000) and Pfam (Sonnhammer et al., 1998) databases. We include only those with at least one DNA-binding domain that has been demonstrated to directly modulate gene expression. With this criterion, a total of 32 DNA-binding domains are present in the Arabidopsis TF set. To identify these TF-associated DNA-binding domains from other eukaryotes, the hidden Markov models were retrieved from Pfam to search against the protein sequences from 26 eukaryote genomes (Fig. 1) . The Arabidopsis genome was analyzed in the same way to account for potential changes in annotation.
Lineage-Specific Expansion of TFs
Lineage-specific expansions are gene-gain events that occur specifically in a lineage. The lineage-specific expansion is determined by lineage-specific gains in putative OGs. The OGs were defined by the Cross-Species Best Match criterion detailed below. A distance matrix of each TF domain family of each organism was constructed by determining the pairwise scores in an allagainst-all member BLAST search. For each TF (X) in species A, we first identified the highest scoring hit (Y) in species B. Then within-species searches were conducted to identify all TFs in A that have a higher score to X than to Y (referred to as the X set). Similarly, all TFs in B that have higher score to Y than to X were identified as the Y set. In this example, X, the X set, and Y, the Y set, belong to the same OG.
